2-and WO 4 2-to two carboxylato ligands of the soluble scavenger protein WtpA from the hyperthermophilic archaeon Pyrococcus furiosus enforces a quasi-octahedral MO 6 coordination in which the +VI oxidation state is destabilized.
The 4d and 5d group-VI elements molybdenum and tungsten exhibit very similar ionic radii due to the lanthanide-contraction effect.
1 They have otherwise also quite similar chemical properties, although reduction potentials of W-complexes and W-proteins tend to be more negative, typically by several hundred millivolts, than those of Mo-congeners. 2 The aqueous chemistry at and around physiological pH values is exclusively defined by the oxoanions molybdate and tungstate with the metal in formal oxidation state +VI: MoO 4 2-and WO 4 2- . At potentials below that of the hydrogen electrode the M(VI)O 4 2-anion is reduced to insoluble M(IV)O 2 .
3
Molybdenum and/or tungsten are widely used in nature in the form of dithioleno metallopterin cofactors of enzymes that catalyze either two-electron oxidation-reduction of oxoanion or organic metabolites or non-redox (de)hydration reactions. The four classes of these enzymes: the sulfite oxidase family, the xanthine oxidase family, the DMSO reductase family, and the aldehyde oxidoreductase (AOR) family, together are associated with all three domains of life. 4 Tungsten variants predominate in the fourth class, with a strong representation in the archaeal domain and with no eukaryal examples.
The hyperthermophilic anaerobic archaeon Pyrococcus furiosus exhibits optimal growth at 100
• C apparently with an absolute dependence on the presence of tungstate.
5 Its tungsten proteome encompasses five AORs plus intracellular free tungstate.
6 Tungsten is also transiently bound to components of the biosynthetic machinery of tungstopterin 7 and to an ABC transporter named Wtp (tungsten transport protein). The soluble oxoanion binding protein of the latter exhibits a high selectivity for tungstate (K D ª 10 -11 M) over molybdate (K D ª 10 -8 M). 8 The structural and electronic basis of this selectivity is not understood, but it appears to be related to an unusual quasi-octahedral coordination of the metal that is induced upon binding of the oxoanions to the WtpA involving one oxygen each of the carboxylate side chains of an aspartate and a glutamate residue as discovered in the crystal structure of the WtpA from Archaeoglobus fulgidus. 9 The proposal of mononuclear quasi-octahedral MoO 6 and WO 6 around the fundamental question whether such a structure would be likely, and if so, whether the formal metal oxidation state of VI would be a stable one. The quasi-octahedral coordination was recently corroborated in increased-resolution crystallographic studies on the tungstate complexes of WtpA from P. furiosus, A. fulgidus and other species, combined with EXAFS measurements on the A. fulgidus protein (Fig. 1) . 10 The structure bears some resemblance to the monomeric trioxometal(VI) unit in LMO 3 (M = Mo, W; L = cyclic triamine).
11,12 Both structures are stabilized by an extensive hydrogen-bonding network.
10, 12 Here, we address the question of stable oxidation states of the metals in this unusual metalloprotein. 10 The broken lines indicate putative hydrogen bonds. The proton on one of the O ligands is hypothetical. EXAFS data of the A. fulgidus WtpA is consistent with the fac configuration of the two carboxylato oxygens and the protonated oxygen.
10
The tungstate and the molybdate complex of P. furiosus WtpA were extensively checked with EPR spectroscopy and they were found to be EPR silent. Also, incubation of apo WtpA with tungstate in the presence of the spin trap DMPO did not afford a radical signal to indicate redox chemistry following oxoanion binding. Therefore, 200 mM of apo WtpA in 20 mM Tris-HCl buffer, pH 8, was incubated with 75 mM each of molybdate and tungstate; a mix of redox mediators spanning a wide potential range 13 was added, and the complex was reductively titrated in an anaerobic glove box by additions of substoichiometric amounts of sodium dithionite, while the solution potential was measured with a platinum electrode versus a saturated Ag/AgCl reference.
Samples were drawn at different potentials after approach to equilibrium (defined as: DE/Dt < 5 mV/min) and transferred to EPR tubes for spectroscopy.
Below -0.3 V a signal appeared around g ª 1.93 with a minor feature just above g = 2 but disturbed by radical signals from the mediators (Fig. 2) . This signal was also found, with low intensity, when WtpA plus molybdate was incubated for 10 min with excess dithionite in the absence of mediators. Dithionite reduction of WtpA-tungstate did not afford any EPR signal. The signal is ascribed to a 4d 1 S = 1/2 Mo(V) system consistent with the following observations: (i) the shape of the signal is invariant over the temperature range 15-110 K, and its amplitude is proportional to the inverse of the temperature (not shown); (ii) the saturation behaviour of the g ª 1.93 feature at T = 38 K and 100 K (insert to Fig. 2 ) is broadly consistent with a d 1 configuration; and (iii) the spectrum is fit 14 by a simulation based on the g-values 1.952, 1.93, 1.91, with line widths (standard deviations of normal distributions) s = 10, 10, 12 gauss, and including weak hyperfine-interaction features from an I = 5/2 spin with natural abundance of 25% (i.e. 95 Mo and 97 Mo): A Mo = 64,~25, 55 gauss. The fit also allows for inclusion of unresolved splitting from a single proton (as proposed in the structure in Fig. 1 ): A H ª 10 gauss. An interfering radical signal in Fig. 2 also exhibit comparable hyperfine splittings from molybdenum (26-85 gauss) and a proton (8-14 gauss).
15
The integrated intensity of the signal (using the simulated shape), normalized to that of an S = 1/2 Cu(II) standard, is plotted versus solution potential in Fig. 3 18 The fact that no W(V) signals are observed in the titration indicated that the potentials for the W(VI/V) and W(V/IV) transitions are significantly lower than -0.53 V consistent with the general observation of a negative shift for isostructural Mo/W complexes. 2 The crossing over of potentials appears to have no counterpart in the redox chemistry of polymolybdates 16 or polytungstates 19,20 where reduction affords electron delocalization over several octahedra. In conclusion, although reversible binding of molybdate or tungstate by the soluble component WtpA of the archaeal WtpABC transporter enforces a quasi-octahedral coordination onto the molybdenum or tungsten, this does not induce any redox chemistry of the +VI state. However, the bound 'molybdate' is now reducible by one or two electron equivalents with reduction potentials within the physiologically available potential window. Possible corollaries of this conclusion are: (i) redox chemistry and its spectroscopy can be a novel approach in the study of these transporters and possibly other oxoanion-binding biomacromolecules; (ii) redox chemistry may play a role in the alloxygen to mixed-sulfur coordination change that occurs during biosynthesis 7 of Mo/W pterin cofactors from oxoanions; and (iii), the reversible molybdate/tungstate-WtpA system might be a lead
